Upon reaction of the dipyrido-anellated guanidinium salt 1 with one equivalent of CpNa we were able to synthesize the dipyrido-anellated diaminofulvalene 4 in one step in 33 % isolated yield. This shortens the initial route that applies a literature-known fulvalene synthesis via uronium salt 3 by two steps and avoids the need for a sacrificial equivalent of CpNa. Although the X-ray structure analysis reveals a shorter exocyclic double bond than observed in the diaminofulvalene V, a theoretical analysis based upon DFT calculations shows a stronger zwitterionic character for the dipyridofulvalene 4.
Introduction
Fulvenes and fulvalenes [1 -4] are fascinating compounds as one mesomeric resonance form of these cross-conjugated π compounds is aromatic as in pentafulvene (I) and sesquifulvalene (II) (Fig. 1) . It has recently been shown by calculations that the combination of one potentially aromatic and one antiaromatic cycle in fulvalenes still leads to an overall stabilization of the system [5] . Substitution of one or two ethylene moieties of the tropylium ring of sesquifulvalene (II) by a heteroatom leads to the π-isoelectronic pyridinium-fulvalenes III or 1,3-dithiafulvalenes IV. The very few examples of simple 1,3-dithiafulvalenes hitherto reported were found to polymerize easily or to be prone to protonation [6, 7] . We have recently managed to synthesize diaminofulvalene VII (Fig. 2) [8] . This compound reveals a much higher ylidic character than found for regular 6,6 -diaminofulvenes (V, VI), due to the high stability of the corresponding imidazolium salt. This strong zwitterionic character explains its reactivity towards air and moisture and the ready formation of ferrocenes with iron(II) salts as well as the long exocyclic "double" bond of 1.43 Å, as determined by single-crystal X-ray structure analysis. From earlier work on dipyrido-anellated carbenes [9 -12] we concluded that a dipyrido moiety would provide an increased stabilization of the imidazolium moiety. Therefore the corresponding dipyrido-anellated fulvalene 4 is expected to have an even higher ylidic character.
Results and Discussion

Synthesis of dipyridofulvalene 4
For the synthesis of the dipyrido-anellated fulvalene 4 we firstly applied the literature procedure for diaminofulvalene VII (Scheme 1) [8] : uronium salt 3, that can be prepared in a two-step synthesis from the respective guanidinium salt 1 by basic hydrolysis to the urea 2 and subsequent alkylation with Meerwein's salt (triethyloxonium tetrafluoroborate) [13] , is reacted with two equivalents of sodium cyclopentadienide [14] . This synthesis is based on a general fulvene synthesis by Meerwein [13] and Hafner [15] . We found that a second equivalent of CpNa is necessary as cyclopentadiene is formed during the reaction. This second equivalent of sodium cyclopentadienide serves as a sacrificial base and can be substituted by lithium diisopropylamide as was shown for fulvalene VII, however the reaction then became less clean [8] . We could synthesize the desired dipyridofulvalene 4 from the uronium salt in 57 % yield, and in an overall yield of 44 % over 3 steps starting from the guanidinium salt 1. It however occurred to us that the synthesis of the dipyridofulvalene 4 could also be achieved by direct reaction of the guanidinium salt 1 with CpNa, thus saving the two-step conversion into the uronium salt 3. We found that the reaction proceeds straightforwardly and in addition, only one equivalent of CpNa is needed, as the dimethylamine released is less acidic than ethanol and does not lead to protonation of CpNa. After workup, we could isolate the desired dipyridofulvene 4 in 33 % yield. In general, there are only very few examples of fulvenes synthesized by reaction of a guanidinium salt with metal cyclopentadienide.
The dipyridofulvene 4 was identified by its 1 H and 13 C NMR spectra. In the 13 C NMR spectrum (CD 2 Cl 2 ) the signal of C6 at 131.2 ppm is strongly high-field shifted compared to the acyclic diaminofulvene V (164.5 ppm), the imidazolidine-derived VI (162.4 ppm) and the fulvalene VII (148.3 ppm). Such a high-field shift is also observed for the respective carbenes (252 ppm ([D 8 ]THF, V-c Et ) [16] , 239.8 ppm (C 6 D 6 , VI-c) [17] , 213.7 ppm ([D 8 ]THF, VII-c) [18], 196.3 ([D 8 ]THF, VIII-c) [11] ) or imidazolium salts (156.9 ppm (CDCl 3 , V-imi) [19] , 159.75 (CDCl 3 , VI-imi) [20] , 135.0 (CD 2 Cl 2 , VII-imi) [18] , 114.5 ([D 6 ]DMSO, VIII-imi) [11] . The signals of the cyclopentadiene ring are also high-field shifted compared to those of fulvenes V-VII, especially signal C-12 at 96.6 ppm.
The IR spectrum (KBr) of compound 4 shows a characteristic band for the exocyclic C=C vibration [25] .
N N 
N N at ν = 1541 cm −1 . This value is slightly lower than that for fulvalene VII (1547 cm −1 ) [8] and a first indicator for a higher single bond character of this bond and therefore for a higher ylidic character of 4.
From a saturated solution of dipyridofulvalene 4 in tetrahydrofuran we were able to obtain single crystals suitable for X-ray structure analysis [21] . The molecular structure (Fig. 3) shows that the plane of the dipyridoimidazolinylidene moiety is twisted to that of the cyclopentadienylidene moiety by 37.7(3) • (defined by the torsion angle N5-C6-C12-C13). In the imidazoline-derived fulvene VII this angle measures only 32 • . It is not clear if the larger angle stems from a different electronic or steric situation. The exocyclic double bond whose length is an indicator for the zwitterionic character of the molecule, measures only 1.418(3) Å. This is 0.012 Å less than in fulvalene VII and could indicate a weaker zwitterionic character for fulvalene 4. However, the carbon-carbon bonds in the cyclopentadienylidene moiety measure 1.429(3) (C12-C13), 1.384(3) (C13-C14), 1.402(3) (C14-C15), 1.388(3) (C15-C16), and 1.422(3) Å (C16-C12), and in comparison with fulvalene VII the double bonds are slightly longer (1.381(3) and 1.374(3) Å, VII), and the single bond C14-C15 is slightly shorter (1.410(3) Å, VII). This indicates a larger cyclopentadienide character and therefore a stronger ylidic bonding situation for fulvalene 4, whereas the slightly longer C16-C12 and C12-C13 bonds in 4 (compared to 1.417(3) and 1.422(3) Å in VII) account for a less aromatic character. Another structural feature is the more acute N7-C6-N5 angle (104.48 (16) • ) compared with VII (105.68(17) • ). As it was found for carbenes (Vc-VIIIc) and their corresponding azolium salts (V-imi-VIII-imi), a more acute N-C-N angle is related to a stronger s character in the carbene σ orbital and the C-H or C-C bondforming orbital in azolium salts, respectively [12] . As a consequence of the larger s character the C6-N bonds gain more p character and are therefore slightly elongated (1.369(2) and 1.368(3) Å in 4 vs. 1.359(2) and 1.351(2) Å in VII).
Given the higher s character of the orbital at C6, a shortening of the exocyclic bond (C6-C12) is expected already for a pure single bond. A measure for a pure single bond length (and therefore a pure ylidic character) that takes into account also the hybridization character of the participating orbitals, would be the bond length of the respective protonated fulvene/fulvalene, i. e. a cyclopentadienyl-substituted imidazolium salt. It is known that heterofulvalenes, e. g. dithiafulvalenes, are very sensitive toward protonation [7] , while protonated diaminofulvenes are not known due to the lower stabilization of the resulting azolium salts. In the case of diaminofulvalene VII, we also observed a protonated species VII + H + and were able to determine its structure by X-ray diffraction. The exocyclic single bond (1.451(2) Å) is only 0.019 Å longer than the exocyclic "double bond" of the corresponding diaminofulvalene VII [8] .
Protonation of dipyridofulvalene 4
Upon addition of an excess of HCl in dioxane or p-toluenesulfonic acid to a solution of the fulvalene 4 in acetonitrile the protonated fulvalene 5 is generated in situ as a set of two out of three possible isomers in a 2 : 1 ratio (5-A : 5-B). Unfortunately, we have not been able to isolate compound 5 so as to also obtain suitable single crystals of it. Therefore we decided to carry out a DFT analysis to elucidate the ylidic character of diaminofulvenes and -fulvalenes by comparing the bond length of their exocyclic double bond with the exocyclic single bond of the corresponding protonated diaminofulvenes and -fulvalenes.
Determining the zwitterionic character by DFT methods
Firstly, we calculated the structure of fulvene VII with TURBOMOLE 6.3 [25] applying the BP-86 functional with a def2-SVP basis set including a dispersion correction. However, the exocyclic double bond (1.416 Å in VII, 1.412 Å in VIII) was always calculated too short when compared to the experimental Xray data (1.430(3) Å in VII, 1.418(3) Å in VIII/4). For the protonated species VII + H + , the calculated value (1.448 Å) for the exocyclic single bond fits quite well with the experimental one of 1.451(3) Å). As fulvenes and especially diaminofulvenes have a relatively large dipole moment of 5.4 D (VI) [1] , it occurred to us that this influence is also present in the crystal and therefore would lead to a polar medium that stabilizes the zwitterionic resonance form and thus causes an elongation of the exocyclic double bond. Therefore, we took the polar medium into account by applying the Conductor-like Screening Model (COSMO) [37] .
To obtain the strongest stabilization of the zwitterionic species, we chose an infinite permittivity ε. Although the exocyclic double bond is now longer than the experimental value from the X-ray crystal structure analysis, this value is a good indicator for the longest possible exocyclic bond to be expected for the respective diaminofulvene/diaminofulvalene systems (V-VIII). Table 1 shows the structural parameters obtained from the DFT calculations including the difference of the exocyclic bond lengths of the protonated diaminofulvenes/fulvalenes and the diaminofulvene/-fulvalenes (∆( FH + − F)) with (blue) and without (black) applying COSMO. It can also be recognized from the data that COSMO has a stronger influence on the bond lengths of the zwitterionic species but not on the exocyclic single bond of the azolium cyclopentadienes. By subtracting the value of the double bond from that of the single bond, the degree of the zwitterionic character can be obtained. Comparing this value for various systems (V-VIII) it becomes evident that the ylidic character is strongest (lowest difference between single and double bond) in the dipyridofulvalene VIII and lowest (largest difference between single and double bond) in 6,6 -bis(dimethylamino)fulvene V. Therefore we conclude that the dipyridofulvalene 4 has a stronger zwitterionic character than fulvene III (additionally, this is indicated by the less alternating character of double and single bonds in the Cp ring). The reason for the shorter exocyclic double bond in the dipyridofulvalene 4 vs. the tetramethylfulvalene VII is therefore attributed to the higher s character of the azolium C-orbital in this bond and therefore to a shortening of the exocyclic bond in general. In the case of the fulvene 4 this shortening is obviously not overcompensated by an increase of the ylidic character.
Conclusion
We have synthesized the highly ylidic fulvalene 4 by two routes from the dipyridoguanidinium salt 1. Applying a three-step literature procedure leads to an overall yield of 44 %. In the second route, fulvalene 4 is directly formed from the guanidinium salt 1 in 33 % isolated yield, and no additional cyclopentadienide is needed as a sacrificial base. Based on X-ray crystal structure analysis and DFT methods that calibrate the exocyclic double bond of fulvenes and fulvalenes to the exocyclic single bond of the corresponding protonated species, we come to the conclusion that dipyridofulvalene 4 has the highest ylidic character of diaminofulvenes/-fulvalenes known so far. The slightly shorter exocyclic double bond of 4 can be explained with the higher s character of the bond-forming orbital which overcompensates a bond elongation by a higher ylidic character.
Experimental Section
Unless otherwise noted, all reactions were carried out under an atmosphere of dry argon using standard Schlenk techniques or were performed in an argon-filled glovebox. All solvents were dried using an MBraun MB-SPS Solvent Purification System and saturated with argon prior to use. Chemicals used were obtained from commercial suppliers and used without further purification. Filtrations were made using glass frits or via Teflon cannula with applied Whatman ™ glass micro fiber filters. 1 H and 13 C NMR spectra were recorded at room temperature using Bruker ARX 250 or AVII+400 spectrometers. 1 [14] , sodium cyclopentadienide [38] , and lithium cyclopentadienide [39] were synthesized according to the reported procedures.
2,10-Di-tert-butyl-6-(cyclopenta-2,4-dien-1-ylidene)-dipyrido-[1,2-c;2 1 -e]-imidazole (4)
Route 1: At −78 • C a solution of 349 mg (4.85 mmol) lithium cyclopentadienide in 10 mL tetrahydrofuran was slowly added to a precooled solution of 1.00 g (2.43 mmol) of 3 in 10 mL tetrahydrofuran which is accompanied by an immediate color change to red. After 1 h, the mixture was allowed to warm up to 0 • C and after another hour to room temperature. The solvent was removed in vacuo and the crude product purified by column chromatography on basic aluminum oxide with a mixture of pentane-THF (1 : 1), yielding 472 mg (57 %) of 4 as a red-purple crystalline solid. The signals for C6, C-11a/11b and C A -14 could not be identified unambiguously for both isomers.
Supporting information
1 H, 13 C{ 1 H} NMR and IR spectra of compound 4, the 1 H NMR spectrum of compound 5a and the 1 H and 13 C{ 1 H} NMR spectra of 5b are given as Supporting Information available online (DOI: 10.5560/ZNB.2014-4015).
